Soil contamination by toxic elements causes concern and is increasing through industrial development, mining activities and the overuse of chemical fertilisers. Some toxic elements, such as boron, also play a structural role. The present study aimed to evaluate the behaviour of S. aterrimum plants growing in boron artificially contaminated soils. It has been found that S. aterrimum is tolerant to low doses of boron, moderately tolerating doses of up to 240 mg.dm . But high doses (doses above the adequate zone) cause decreased plant growth and present symptoms of toxicity, such as foliar chlorosis. The dose of 240 mg.dm −3 can already be considered toxic, since the tolerance index (TI) was less than 50%. The species can be used as a phytoextractor in low doses of boron because it presented a high tolerance index (TI) and demonstrated the ability to uptake and accumulate boron in root tissue.
Introduction
Soil pollution by toxic elements and other potentially toxic elements is a growing problem related to industrial and mining activities as well as the use of sewage sludge in agricultural soils [1] . Contamination by metals and non-metals is of great concern because they are not metabolised by living organisms and accumulate at different trophic levels of the food chain. Further, not all metal or non-metal elements are merely toxic. Many are micronutrients and are required so that the plant can complete its cycle, for example, copper (Cu ++ ) and boron (H 3 BO 3 ). Both Cu and B may have their concentrations increased in soil through the use of fertilisers and agrochemicals [2] . In Brazil, there is no legislation specifying safe levels of B in soils, although the toxicity of this element has been under investigation. For example, it has been found that a B concentration in soil of 3.0 mg.dm −3 can induce toxic effects in many plants [3] .
CONTACT Liliane Santos Camargos liliane.camargos@unesp.br São Paulo State University (UNESP), School of Engineering, Rua Monção, 226, Zona Norte, Ilha Solteira, São Paulo, 15385-000, Brazil B was the first element to have been proven essential for plant growth in 1920 [4, 5] . It belongs to the group of semiconductors, having intermediate properties between metal and non-metal. At a pH close to neutral, B is found in most biological fluids (~96%) as boric acid (H 3 BO 3 ), and as borate B(OH) 4− anion, both of which form complexes with a wide range of (OH − ) concentrations [6] . In soil, it is generally found as boric acid and as borate anion, with H 3 BO 3 being the predominant form in the most common pH values of soils. B(OH) −4 predominates only above a pH of 9.2 [7] .
Several physical and chemical methods, combined with engineering knowledge, can be applied to remediate soils contaminated with toxic elements [8] . These methods are often expensive and may generate other kinds of impact on the environment.
Phytoremediation (green remediation) is the use of vegetation to decrease the risk of soil and groundwater contamination. More than a simple restoration of vegetal cover, phytoremediation requires the use of selected plants adapted to the chosen treatment [9] . This remediation technique occurs through the following mechanisms: (A) absorption and accumulation of heavy metals in plant aerial tissues (phytoextraction); (B) retention of elements in the root system or incorporation of elements in the cell wall matrix, precipitating the metals in insoluble forms and, subsequently, immobilising these contaminants (phytoadsorption); (C) release in to the soil of compounds that can immobilise toxic elements (phytostabilisation); and (D) stimulation of bioremediation by fungi or other microorganisms located in the root-soil system (rhizoremediation) [10] . Studies have evaluated four species for their ability to tolerate and concentrate B on the aerial part (Brassica juncea, Lotus corniculatus, Festuca arundinacea (fescue) and Hibiscus cannabinus (kenaf)) [11] . The species were cultivated in soils with high levels of B, ranging from 1 to 10 mg.kg −1 of free B. The average concentration in dry mass was 105 mg.kg −1 of B, in which there was no difference between the studied species. The reduction of boron content in the soil in the 0-60-cm layer was between 48 and 52% in the first year and then between 13 and 24% in the second year of cultivation. Similar results were found using as test plants, in a greenhouse experiment, Brassica juncea (mustard), Raphanus sativus, Amaranthus cruentus and Hibiscus cannabinus (kenaf), cultivated in soil contaminated with Cu, Zn, Mn, Pb, and B [12] . All species were efficient in removing boron, with emphasis on kenaf and mustard. Among the elements, boron presented the highest rates of removal, with the possibility of reducing its level by 50% in less than one year of cultivation. Despite a large number of studies on B toxicity in different crop species, such as wheat and barley, physiological mechanisms affecting differential expression of B toxicity stress between genotypes is not well understood [13] .
Other plants such as sunflower, jack bean (Canavalia ensiformis), Velvet bean (Stizolobium aterrimum), castor bean (Ricinus communis), among others, have been extensively explored for their tolerance and phytoremediation potential of potentially toxic elements [14] [15] [16] [17] [18] .
The species Stizolobium aterrimum is an herbaceous legume, which has the favourable characteristics mentioned above, and is also used as green manure in agricultural systems. It has already been characterised as tolerant to lead [19] and it is moderately tolerant to copper (unpublished data: previous studies of our research group), and so the evaluation of tolerance and potential phytoremediation of this plant for boron is of great scientific importance with respect to the characterisation of plant tolerance.
Materials and methods
The experiment was carried out in the greenhouse at UNESP university, under controlled temperature 27 ± 2ºC conditions, with a completely randomised design containing 6 B concentrations (control, 30, 60, 120, and 240 mg.dm −3 ). The control treatment was considered as the natural B content in soil. The plants were installed in pots with 2 dm −3 capacity and each treatment was composed of 4 biological repetitions containing 2 plants per pot. A red dystrophic latosol with 60% sand and B addition to the soil was prepared by adding 10 mL dm −3 of a boric acid solution containing the respective B amounts to obtain the soil B concentrations mentioned above. After B addition to the soil, it was allowed to stabilise over 20 days before the seeds were sown. Seeds of S. atterimum were surface sterilised for 15 min in 10% hypochlorite solution (v/v), and then were immersed in distilled water for one hour before sowing. The plants were allowed to grow for 45 days and then were harvested and separated into roots and shoots. One plant of each pot had roots and shoots washed in water and dried on paper before being dried at 60ºC in a forced circulation oven for 3 days for further biomass and boron analysis; the remaining plants had only their leaves harvested, frozen in liquid nitrogen and stored at −80º C for further biochemical analysis.
Boron was quantitated at the plant nutrition laboratory of DEFERS-FEIS-UNESP using atomic absorption spectrometry after nitric-perchloric digestion of plant roots and shoots. Nitrogenous compounds were extracted from leaves in a liquid-liquid extraction using methanol:chloroform:water (MCW) solution in the proportion 12:5:3 [20] . Total soluble protein was extracted from leaves using 0.1 M NaOH. Then were quantitated total soluble proteins, total soluble amino acids, total ureides, allantoic acid and allantoin [21] [22] [23] [24] .
Chlorophyll extraction was carried out in 50 mg leaf discs using dimethyl sulfoxide [25] . The extracts were read in a spectrophotometer at 645 and 663 wavelengths and calculated according to the formula: C a = (12, [26] .
The phytoremediation indices such as plant relative growth (PRG), tolerance index (TI%), and extraction potential (EP) were calculated based on data from plant mass, B concentration in soil and plant organs.
All data were subjected to analysis of variance and regression analysis in SISVAR® software. Regression model adjustment was considered significant when p < 0.05.
Results and discussion
Boron effects on growth and phytoremediation potential Boron has toxic potential that is closely related to its concentration in soil and, consequently, in plant tissues. Its toxicity is mainly related to irrigated lands in arid and semiarid regions worldwide [27] . Growth is one of the most commonly used features to evaluate plant tolerance to any excess trace elements in soils. Although boron is found generally under low concentrations, it has also a toxic potential that broadly varies between plant species [5] .
Several characteristics can be considered with regard to growth, such as height, leaf area and plant biomass, which are often altered when soils are contaminated. Other symptoms can also occur, for example changes in leaves and stem coloration, chlorosis and/or tissue necrosis. We observed a significant variation in the production of fresh and dry biomasses in roots. It is evident that the biomass decreases with higher concentrations of boron in the soil (Table 1 
Boron effects on photosynthetic pigments and nitrogenous compounds
Plant performance under stressful conditions is highly dependent on a proper biochemical functioning. In this way, photosynthesis and nitrogen use are of great importance to overcome adverse situations. Photosynthetic performance may be inferred from the amount of photosynthetic functional pigments, chlorophylls, and carotenoids. We evaluated the effects of increasing B concentrations on chlorophylls a and b, the ratio of chlorophylls a and b, and total chlorophyll. In these observations we found that all of these parameters were not affected by increasing B in soil (Table 3) , suggesting no interference of this element with chlorophyll biosynthesis. Excess of boron interferes in nitrate reductase activity and thus affect the synthesis of amino acids [28] , in special glutamic acid that can lead to imbalance in chlorophyll production once this molecule is synthesised from alpha-aminolevulinic acid, derived from glutamic acid. So, as we did not find any effects in chlorophyll content we could assume that it had no effect on nitrogen metabolism, although we showed some opposite results for other plants in another study [29] . In that work, nitrogen sources were evaluated to overcome B toxicity in lentil and barley plants and the authors found a decrease in chlorophyll content in both species. We shall investigate this question in future work. Boron deficiency was found to be a huge growth restriction in Dittrchia viscosa but it did not impair photosynthesis [30] .
We can confirm that plant metabolism varies from species to species in a manner which confers tolerance. In our case, we can suggest that photosynthetic activity may be less impaired by B, as we have found no effect in chlorophyll content under increasing doses of B.
Together with photosynthetic metabolism, we must consider plant N status. N has a central role in the metabolism of all living organisms. Any disturbance in N uptake, assimilation and use will impair the development of the organism. In this way, some nitrogenous metabolites serve as indicators of stress severity and, sometimes, indicate a plant's strategy to overcome several kinds of stress.
We found that the amino acid content was kept stable in leaves while in roots their content decreased according to an increase of B concentration (Table 4 ). The same pattern was observed for total soluble protein which was compromised in both leaves and roots (Table 4) , although a slight increase in leaf proteins occurred up to a dose of 60 ppm of B in the soil.
It was found that toxicity significantly decreased leaf biomass, leaf relative growth rate RGR(L), organic N, soluble proteins, and nitrate reductase (NR) and nitrite reductase (NiR) activities [31] . The lowest NO 3 − and NH 4 + concentration in leaves was recorded when plants were supplied with 2.0 mM B in root medium. Total B, Table 3 . amino acids, activities of glutamine synthetase (GS), glutamine oxoglutarate aminotransferase (GOGAT) and glutamate dehydrogenase (GDH) increased under B excess.
Data from the present study show that B excess caused inhibition of NO 3 − reduction and increased NH 4 + assimilation in tomato plants. Another study, considering excess B effects on Schizolobium parahyba, suggests that the increase in proline amino acid content is responsible for activating tolerance mechanisms [32] .
Allantoin and allantoic acid are the two most common forms of ureides used to transport nitrogen, especially in species of the Phaseolae family, and they are, therefore, used as a mechanism for evaluating the efficiency of biological fixation. Many studies have indicated that these metabolites may be related to responses to abiotic stresses (hydric or nutritional) and can be used as a nitrogen reserve and, therefore, are not only related to nitrogen fixation [33] . The advantage of transport N as allantoin and allantoic acid is related to the efficiency of nitrogen transport in relation to the carbon atoms that make up the molecule, once the N:C ratio is 1:1 [34] .
In the present study, there was no significant variation in the total content of ureides in both aerial parts and roots (Table 5) . But, we found a significant variation in allantoic acid concentration in leaves and roots (Table 5 ). It might be inferred that a slight decrease in boron may impact nitrogen fixation [35] (Table 5 ). In relation to the roots, the treatment with the highest concentration of allantoic acid used 30 mg.dm −3 . The alteration in the form of ureides transported or stored in response to some abiotic stress has been reported in several studies [36] [37] [38] . This may indicate adaptation or acclimatisation to the stress situation.
Conclusion
Stizolobium aterrimum was shown to be tolerant to excess boron in the soil. Thus, it should be suitable for cultivation in arid and semiarid soils that have a high B content produced by irrigation water. It would also be interesting to consider biomass produced as a complement in B deficient soil, it could be considered as phytomanagement for improving the mineral nutrition status of cultivated plants without adding manufactured fertilisers or generation of plant material for bioenergy purposes [39] . 
